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Construction of a high-density genetic map based
on large-scale markers developed by specific
length amplified fragment sequencing (SLAF-seq)
and its application to QTL analysis for isoflavone
content in Glycine max
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Abstract

Background: Quantitative trait locus (QTL) mapping is an efficient approach to discover the genetic architecture
underlying complex quantitative traits. However, the low density of molecular markers in genetic maps has limited
the efficiency and accuracy of QTL mapping. In this study, specific length amplified fragment sequencing (SLAF-seq), a
new high-throughput strategy for large-scale SNP discovery and genotyping based on next generation sequencing
(NGS), was employed to construct a high-density soybean genetic map using recombinant inbred lines (RILs,
Luheidou2 × Nanhuizao, F5:8). With this map, the consistent QTLs for isoflavone content across various
environments were identified.

Results: In total, 23 Gb of data containing 87,604,858 pair-end reads were obtained. The average coverage for
each SLAF marker was 11.20-fold for the female parent, 12.51-fold for the male parent, and an average of 3.98-fold for
individual RILs. Among the 116,216 high-quality SLAFs obtained, 9,948 were polymorphic. The final map consisted of
5,785 SLAFs on 20 linkage groups (LGs) and spanned 2,255.18 cM in genome size with an average distance of 0.43 cM
between adjacent markers. Comparative genomic analysis revealed a relatively high collinearity of 20 LGs with the
soybean reference genome. Based on this map, 41 QTLs were identified that contributed to the isoflavone content.
The high efficiency and accuracy of this map were evidenced by the discovery of genes encoding isoflavone
biosynthetic enzymes within these loci. Moreover, 11 of these 41 QTLs (including six novel loci) were associated
with isoflavone content across multiple environments. One of them, qIF20-2, contributed to a majority of isoflavone
components across various environments and explained a high amount of phenotypic variance (8.7% - 35.3%). This
represents a novel major QTL underlying isoflavone content across various environments in soybean.

Conclusions: Herein, we reported a high-density genetic map for soybean. This map exhibited high resolution and
accuracy. It will facilitate the identification of genes and QTLs underlying essential agronomic traits in soybean. The
novel major QTL for isoflavone content is useful not only for further study on the genetic basis of isoflavone
accumulation, but also for marker-assisted selection (MAS) in soybean breeding in the future.
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Background
Soybean [Glycine max (L.) Merrill] is one of the most
important grain legumes. It represented 57% of world
oilseed production in 2012 and provides large amounts
of vegetable protein [1]. In addition, soybean is the natural
source of some anticancer substances such as isoflavones
and lunasin [2,3]. Many essential agronomic and quality
traits have been studied through developing genetic
linkage map and identifying genes or quantitative trait
loci (QTLs) underlying these traits to improve yield,
nutritional quality, as well as biotic and abiotic stress
tolerance [4-8].
Soybean genome mapping based on molecular markers

started in the early 1990s and a number of genetic maps
have been constructed [9-12]. With these genetic maps,
more than one thousand QTLs associated with essential
traits have been identified [13]. However, most of these
maps are low-density genetic maps based on low-
throughput molecular markers such as restriction frag-
ment length polymorphism (RFLP), amplified fragment
length polymorphism (AFLP), and simple sequence repeat
(SSR) markers. The low density of molecular markers has
limited the efficiency and accuracy of QTL mapping. Pre-
vious studies have demonstrated that increasing marker
density can significantly improve the resolution of a
genetic map in a given mapping population [9,12,14].
Additionally, the development of high-throughput se-
quencing technology provides the capacity for developing
massive single nucleotide polymorphism (SNP) markers
[15]. Therefore, it is feasible to construct high-density gen-
etic maps based on SNP markers and thereby improve
the efficiency and accuracy of gene or QTL mapping. As
a result, a composite genetic map, the soybean Consen-
sus Map 4.0, was constructed with 5,500 markers by
using five mapping populations of soybean [11]. Mean-
while, a 1,536 universal soy linkage panel was developed
for QTL mapping [11]. Recently, a specific-locus amplified
fragment sequencing (SLAF-seq) technology has been
developed which exhibits advantages in high-throughput
SNP marker discovery and genotyping for genetic map
construction [12]. This technology created a balance be-
tween higher genotyping accuracy and relatively lower se-
quencing cost. It is therefore highly suitable for genetic
association studies [16-18].
Isoflavones belong to a group of secondary metabolites

derived from the phenylpropanoid pathway and are
mainly produced in legumes. These compounds func-
tion in various biological processes in leguminous
plants. For instance, they play an important role as
precursors of major phytoalexins during plant-microbe
interaction [19,20]. They also serve as signal molecules
during the induction of nodulation-related genes [21-23].
In addition, due to their structural similarity with estro-
gen, isoflavones have aroused lots of attention in recent
years for their association with human health. Studies have
shown that these compounds have positive effects on
decreasing risk of breast cancer, menopausal symptoms,
osteoporosis, dementia and cardiovascular disease [24-31].
Due to their important roles for plants and humans,

studies on accumulation of isoflavones have been per-
formed worldwide [32-36]. The ultimate goal of these
studies is to illustrate the genetic basis of the isoflavone
accumulation and to develop a series of cultivars with
varying isoflavone content. Because isoflavone content is
a typical quantitative trait influenced by both genetic
and environmental factors, the identification of major or
minor QTLs underlying isoflavone content over various
environments have been conducted, and these loci were
mapped to almost all chromosomes of soybean [12,37-43].
Despite extensive studies, major consistent QTLs under-
lying isoflavone content across various environments re-
main unidentified.
In this study, the SLAF-seq was used in whole-genome

genotyping for soybean recombinant inbred lines (RILs)
and a high-density genetic map was constructed based
on the developed SLAF markers. The characters of this
genetic map are analyzed and discussed in detail in this
study. To our knowledge, this map is the densest to date
among individual soybean genetic maps, and it exhibited
high resolution and accuracy. Moreover, the QTLs under-
lying the isoflavone content were identified and analyzed
based on this map.

Results
Genotyping of RIL population based on SLAF-seq
The RIL population was genotyped by using SLAF-seq
technology. According to the results of pilot experiment,
EcoRI and MseI were chosen for the SLAF library con-
struction. The library consisted of SLAF fragments that
were 500-550 bp in size. High-throughput sequencing of
this library was performed subsequently. In total, 23 Gb
of data containing 87,604,858 pair-end reads were gener-
ated using the Illumina Genome Analyzer IIx. Of the
high-quality data, ~144 Mb were from the female parent
with 1,815,592 reads and ~166 Mb were from the male
parent with 2,091,373 reads. The number of reads for
the 110 RILs ranged from 140,896 to 1,016,448 with an
average of 564,973.
The reads were then mapped to the reference soybean

genome (cv. Williams 82), and the reads which could be
mapped to a single locus were considered as effective
SLAFs. In this study, 80% of the reads could be exactly
mapped to specific chromosome regions. The numbers
of SLAFs in the female and male parents were 97,016
and 99,229, respectively. The numbers of reads for SLAFs
were 1,085,756 and 1,241,835 in the female and male par-
ents, respectively. Thus, the average coverage for each
SLAF marker was 11.20-fold for the female parent and



Table 1 SLAF marker mining results

Number of SLAF markers Ratio

Polymorphisms 9,948 8.6%

Non-polymorphisms 106,268 91.4%

Total 116,216 100.0%
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12.51-fold for the male parent. For the RIL population, the
number of SLAF markers ranged from 44,626 to 93,583
with an average of 80,567. The number of reads for SLAFs
ranged from 78,488 to 629,831 with an average of 328,862.
The coverage ranged from 1.76-fold to 6.73-fold with an
average of 3.98-fold (Figure 1).
Among the 116,216 SLAFs obtained, 9,948 were poly-

morphic. The polymorphic rate of these SLAFs was 8.6 %
(Table 1), which is consistent with a previous study [44].
The SLAFs were further screened to filter out markers
unsuitable for genetic map construction. Finally, a total
of 5,785 SLAFs were used for the high-density linkage
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of markers.
map construction. All of these markers were SNP-type
markers. Approximately 2.1% of genotyping data were
missing in the RIL population for these 5,785 SLAFs.
Therefore, the integrity of SLAF markers for the RIL
population was 97.9%.
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High-density genetic map construction for soybean using
SLAF-seq genotyping data
A high-density genetic map was constructed by using
the SLAF-seq genotyping data. The 5,785 SLAF markers
were grouped into 20 linkage groups (LGs) and the order
of these markers was arranged (Figures 2, 3 and 4). The
total genetic distance of this map was 2255.18 cM. The
average distance between adjacent markers was 0.43 cM.
The largest LG was Gm11 with 62 SLAF markers and a
length of 134.05 cM. The smallest LG was Gm18 with
647 SLAF markers and a length of 74.90 cM. The mean
chromosome region length was 112.76 cM. We also
found that approximately 90.8% of the intervals between
adjacent markers were less than 1 cM. There were a
total of 40 gaps that were 5 to 10 cM in length and four
gaps of > 10 cM. The largest gap was mapped to Gm15
with 13.06 cM in length. The detail characters of these
20 LGs are shown in Table 2. To assess the quality of
this genetic map, two dimensional heat maps of the 20
LGs were generated separately by using pair-wise recom-
bination values for the 5,785 SLAF markers. A heat map
for Gm20 is shown as an example in Additional file 1:
Figure S1. These heat maps indicated that the construc-
tion of this map was accurate, as the recombination fre-
quency was considerably low among adjacent markers.
The collinearity of each LG with the soybean reference
genome was also analyzed. As shown in Table 2 and
Figure 5, a relatively high collinearity was observed
between 20 LGs and the reference genome. An example
collinearity map for Gm20 is also shown in Additional
file 1: Figure S2.

The determination of isoflavone components in soybean
seeds
The determination and quantification of 12 isoflavone
components for 110 RILs and their parents were per-
formed in this study. Consistent with our previous study
[45], six major isoflavone components including daidzin,
glycitin, genistin, malonyldaidzin, malonylglycitin, and
malonylgenistin, were detected in soybean seeds. The
precise contents of these six isoflavone components
were quantified separately. Other components were not
quantified due to the very low concentrations. The total
isoflavone content was designated as the sum of these six
major isoflavone components.
The frequency distributions of total isoflavone content

for the 110 RILs were also analyzed over four environ-
ments. As shown in Figure 6, the two parents differ
significantly in total isoflavone content over four envi-
ronments. The cv. Luheidou2 exhibited a higher mean
value of total isoflavone content over four environments
(3,697 μg · g−1), while the cv. Nanhuizao displayed a lower
value of 1,816 μg · g−1. The total isoflavone content of
individual RILs ranged from 1,729 to 6,223 μg · g−1 and
exhibited in a typical quantitative manner. Moreover, a
considerable transgressive segregation was found in the
RIL population (Figure 6), which indicates a pyramiding of
independent loci for total isoflavone content from both
parents. Similar distributions were observed for individual
isoflavone components (Additional file 1: Figure S3).
The analysis of variance (ANOVA) for isoflavone con-

tent was performed over four environments to detect the
sources of phenotypic variation. As the Table 3 shows, the
phenotypic variations for individual and total isoflavone
contents were significantly influenced by both genetic and
environmental factors. On the other hand, correlation
analyses indicated that the total isoflavone contents were
significantly correlated among the four environments
(Additional file 1: Table S1), suggesting an important role
of genetic factor in isoflavone accumulation. Due to the
environmental effect on isoflavone accumulation, the
QTLs for isoflavone content were identified separately
in each environment. The four environments (2009 at
Changping, 2009 at Shunyi, 2010 at Shunyi, and 2011 at
Shunyi) were designated as E1-E4. The common loci
detected across multiple environments were considered
as consistent QTLs for isoflavone content.

Data analysis and QTL mapping
Based on the high-density genetic map, the QTLs under-
lying the isoflavone content were identified. The thresh-
old of logarithm of odds (LOD) scores for evaluating the
statistical significance of QTL effects was determined
using 1,000 permutations. As a result, intervals with a
LOD value above 2.5 were detected as effective QTLs
using the QTL ICIMapping V3.3 software. According to
the threshold, 89 QTLs were detected for individual and
total isoflavone contents. The 89 QTLs overlapped and
can be classified into 41 loci (shown in Additional file 1:
Table S2). Of these loci, 11 QTLs were detected across
various environments (shown in Table 4, Figures 2, 3
and 4 and Additional file 1: Figure S4). These QTLs may
represent the genetic basis of the isoflavone accumula-
tion and were thus focused in our subsequent analysis.
As described in Table 4, the 11 QTLs were mapped to
Gm4, Gm7, Gm8, Gm13, Gm14, Gm16 and Gm20. The
average phenotypic variance explained by individual
QTL of the 11 loci ranged from 8.61% to 28.00% and the
average LOD score ranged from 3.50 to 12.40. The addi-
tive effects of qIF8, qD4, qIF7, qGL8-2, qMGL14, qMG14
and qIF20-2 were derived mainly from the female parent
(cv. Luheidou2), while those of qMGL7, qIF13, qIF16-1
and qIF16-2 were derived mainly from the male parent
(cv. Nanhuizao). Our comparative analysis showed that
18 of the total 41 loci overlapped with previously re-
ported QTLs (Additional file 1: Table S2). For the 11
consistent QTLs, five loci (qD4, qIF7, qGL18-2, qIF13
and qIF16-1) overlapped with previously reported QTLs



Figure 2 (See legend on next page.)
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Figure 2 The soybean high-density genetic map: Linkage groups Gm01-Gm07. The SLAF markers and their location are shown on the right
and left side, respectively. The 11 QTLs identified across various environments are depicted on the right side of each linkage group as black ovals.
The name of each QTL, shown near each oval, is a composite of the influenced trait: genistin (G), daidzin (D), glycitin (GL), malonyldaidzin (MD),
malonylgenistin (MG), malonylglycitin (MGL) and total isoflavone content (TOT) followed by the chromosome number. For QTLs underlying the
contents of multiple isoflavone components, the name is a composite of isoflavones (IF) followed by the chromosome number.
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(Additional file 1: Table S2). The remaining six QTLs
(qMGL7, qIF8, qMGL14, qMG14, qIF16-2 and qIF20-2)
were not found in previous reports, thus they may present
novel loci for the isoflavone content. Noticeably, qIF20-2
was associated with daidzin, genistin, malonyldaidzin,
malonylgenistin, and total isoflavone content across mul-
tiple environments. The LOD score of this locus ranged
from 2.86 to 18.89 for individual isoflavone components
among various environments, and it could explain 8.67%
to 35.29% of phenotypic variance (Table 5). Therefore, this
QTL may be the major locus for isoflavone accumulation.
As an example, the LOD curves of qIF20 for daidzin were
shown in Figure 7.
To validate the QTL mapping results, the genome inter-

val regions within these 41 QTLs were also compared with
the soybean reference genome sequences. Potential genes
within the QTL intervals were annotated and analyzed. As
depicted in Additional file 1: Table S2, 13 genes encoding
enzymes involved in the isoflavone biosynthetic pathway
were discovered including 4-coumarate: coenzyme A ligase
(4CL), chalcone isomerase (CHI), chalcone reductase
(CHR), isoflavone synthase (IFS) and O-methyltransferase
(OMT). Moreover, of these 13 genes, three genes were
identified within the 11 consistent QTLs. The inclusion of
these genes suggests a high efficiency and accuracy of this
map in QTL mapping for isoflavone content.

Discussion
QTL mapping has been used as an efficient approach to
analyze quantitative traits in plants. However, the quality
of genetic maps has a significant effect on the accuracy
of QTL mapping. It has been reported that increasing
marker density can improve the resolution of genetic
maps [12,14]. Nevertheless, the linkage disequilibrium
(LD) of soybean is significantly higher than other plants
[46]. This implies a limitation on the effectiveness of
increasing marker density to improve the resolution of
soybean genetic maps. Therefore, a suitable marker
density in genetic maps is necessary for effective QTL
mapping and MAS. Because the average LD of cultivated
soybean is approximately 150 kb [46], a genetic map could
be theoretically saturated with 6,300 evenly distributed
markers.
With the completion of the whole genome sequencing

of soybean cv. Williams 82 and the rapid development in
sequencing technology, high polymorphic single nucleotide
polymorphism (SNP) markers are beginning to be used
in soybean for large-scale genotyping and high-density
genetic map construction [47]. The SNP markers are
efficient for high-density genetic map construction be-
cause of their high-throughput compared to AFLP, RFLP
and SSR markers. In this study, a SLAF-seq was used for
large-scale marker discovery and genotyping to develop
a high-density genetic map. The SLAF-seq has several
positive characteristics such as high efficiency for marker
development, low cost, and high capacity for large popula-
tion [16]. By using this approach, a total of 9,948 poly-
morphic SLAF markers were developed, and 5,785 SNP
markers were ultimately integrated into a genetic linkage
map. The average genetic distance between adjacent
markers was only 0.43 cM. To our knowledge, this map
has the highest marker-density to date among individual
experimental soybean genetic maps. Surprisingly, Gm18
has the highest number of SLAF markers, yet its linkage
distance is the smallest. This may be caused by the rela-
tively small size of our RIL population for genotyping. In
this case, the recombinant events were insufficient and
the distance of this LG may be underestimated.
Recently, Hyten et al. developed a high-density inte-

grated genetic linkage map for soybean, the Consensus
Map 4.0, by compositing the SNP loci data obtained
from five mapping populations [11]. That map consisted
of 5,500 markers and spanned a genomic map distance
of 2,296.4 cM. The mean chromosome length was 114.8
cM, with a mean genetic distance of 0.6 cM between adja-
cent markers [11]. Compared to the soybean Consensus
Map 4.0, our genetic map had similar distance in genome
size but more markers, thus the mean genetic distance be-
tween adjacent markers was narrowed to 0.43 cM. Owing
to the high density, the resolution of the genetic map
could be improved significantly. As a result, the accuracy
of QTL or gene mapping could also be improved. More-
over, our high-density genetic map was constructed based
on a single RIL population, thus QTL mapping could be
performed efficiently and conveniently for a given pheno-
typic trait (e.g., isoflavone content). In this study, amounts
of reported QTLs for isoflavone content were detected,
and the confidence intervals of these QTLs were almost
narrowed down significantly (Additional file 1: Table S2).
For instance, qMG5, a QTL underlying malonylgenistin,
was narrowed to a 0.12 cM of interval as compared to a
previously reported 3.7 cM [12]. Another QTL, qGL5 was



Figure 3 (See legend on next page.)
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Figure 3 The soybean high-density genetic map: Linkage groups Gm08-Gm14. The SLAF markers and their location are shown on the right
and left side, respectively. The 11 QTLs identified across various environments are depicted on the right side of each linkage group as black ovals.
The name of each QTL, shown near each oval, is a composite of the influenced trait: genistin (G), daidzin (D), glycitin (GL), malonyldaidzin (MD),
malonylgenistin (MG), malonylglycitin (MGL) and total isoflavone content (TOT) followed by the chromosome number. For QTLs underlying the
contents of multiple isoflavone components, the name is a composite of isoflavones (IF) followed by the chromosome number.
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also mapped to a 0.36 cM region that was mapped to a 3.2
cM of interval previously [12]. The consistent major QTLs
contributing to individual and total isoflavone contents
across various environments, qIF7, qIF9, qIF16-1, and
qIF17-2 were also narrowed to 4.92, 7.35, 0.34 and 6.18
cM from previously reported 14.4, 16.2, 16.0 and 13.2 cM,
respectively [37,38,40,48]. In total, roughly half of the 41
QTLs were mapped to intervals within 1 cM, and the nar-
rowest interval spanned only 0.11 cM (Additional file 1:
Table S2). According to the above results, this high density
genetic map exhibited higher efficiency and accuracy for
QTL mapping compared to previous genetic maps. In this
case, appropriate markers closely associated with isofla-
vone content could be easily developed for MAS.
In map-based cloning, secondary mapping populations

are usually needed after primary mapping. However, de-
velopment of secondary mapping populations is laborious
and time-consuming work. With high-density genetic
maps and the high-quality genome sequences of cv.
Williams 82, one can directly predict candidate genes
within a narrow region between two adjacent markers.
The prediction, however, should depend on a high genomic
collinearity of this region between the genetic map and the
soybean reference genome. For this reason, the collinearity
of the 20 LGs with the soybean reference genome was also
determined. Our results demonstrated a relatively high
collinearity between the genetic map and the reference
genome (Figure 5 and Table 2). This implies the feasibil-
ity of identifying candidate genes through comparative
mapping.
The isoflavone content is a typical quantitative trait

that is influenced by genetic and environmental factors
[12]. The bell-shaped distribution frequency in this study
confirmed that this trait inherited in a quantitative man-
ner (Figure 6). Moreover, although the parents of RILs
exhibited significant difference in isoflavone content, an
obviously transgressive segregation was observed within
the RIL population (Figure 6), which suggests that both
parents bear positive-effect alleles. This conclusion was
also supported by the identification of positive QTLs
from both parents (Additional file 1: Table S2). Of the
41 identified QTLs, 26 were inherited from the female
parent (cv. Luheidou2), while 15 were inherited from the
male parent (cv. Nanhuizao). This finding is essential for
enhancing isoflavone content through genetic engineer-
ing. Interestingly, an obvious difference in transgression
segregation is observed among individual isoflavone com-
ponents in the RIL population. There were transgressive
segregations towards both high and low isoflavone con-
tents for daidzin and malonylglycitin. For other isoflavone
components, there were transgressive segregations towards
low isoflavone content for genistin and glycitin, whereas
transgressive segregations towards high isoflavone content
were observed for malonyldaidzin and malonylgenistin
(Additional file 1: Figure S3). Due to the high proportion of
the latter two isoflavone components, the total isoflavone
content showed a transgression towards high isoflavone
content in the RIL population (Figure 6, upper left panel).
Since both parents of the RIL population bear positive-
effect alleles for isoflavone content, we speculate that the
difference in transgressive segregation may be caused by
various gene-gene interactions inherited from the two par-
ents of the RIL population.
Previous studies have investigated the QTLs underlying

isoflavone content in soybean [12,37-43]. Approximately
45 QTLs have been identified. In this study, 41 QTLs were
identified for individual and total isoflavone contents
(Additional file 1: Table S2), and approximately half of
these loci have previously been associated with isofla-
vone content (Additional file 1: Table S2). Moreover,
many genes encoding isoflavone biosynthetic enzymes
were identified within the genomic region of these loci
(Additional file 1: Table S2). For example, both isoflavone
synthase (IFS) genes (IFS1 and IFS2) that are active in
soybean were found within the qGL7 and qIF13 regions,
respectively. The IFS catalyzes the first committed step in
the isoflavone biosynthetic pathway, which is a branch
of the phenylpropanoid pathway. In this pathway, IFS
redirects the intermediates from the flavonoid pathway
to corresponding isoflavones and thus plays a key role in
isoflavone biosynthesis [49]. The discovery of previously
reported QTLs and genes encoding isoflavone biosyn-
thetic enzymes suggests that this genetic map has a high
resolution and accuracy for QTL mapping.
Comparative genomic analysis showed that five of these

11 consistent QTLs had been reported in previous studies,
while the other six QTLs were identified for the first time.
Interestingly, one of these six novel QTLs, qIF 20-2, had
a significant effect on almost all isoflavone components
(daidzin, genistin, malonylgenistin, and malonyldaidzin)
and total isoflavone contents across various environments.
The average phenotypic variance explained by this QTL



Figure 4 The soybean high-density genetic map: Linkage groups Gm15-Gm20. The SLAF markers and their location are shown on the right
and left side, respectively. The 11 QTLs identified across various environments are depicted on the right side of each linkage group as black ovals.
The name of each QTL, shown near each oval, is a composite of the influenced trait: genistin (G), daidzin (D), glycitin (GL), malonyldaidzin (MD),
malonylgenistin (MG), malonylglycitin (MGL) and total isoflavone content (TOT) followed by the chromosome number. For QTLs underlying the
contents of multiple isoflavone components, the name is a composite of isoflavones (IF) followed by the chromosome number.
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Table 2 Description of characteristics of the 20 LGs in the high-density genetic map

LG Size (Mb) No. of SLAFs distance
(cM)

Average distance between
markers (cM)

Collinearity % Largest
Gap(cM)

Gap < 5 cM Kb/cM

Gm01 55.91 359 129.04 0.35 62.0% 7.56 99% 433.28

Gm02 51.65 281 130.36 0.46 64.0% 7.97 99% 396.21

Gm03 47.78 356 101.25 0.28 54.0% 6.42 99% 471.90

Gm04 49.24 448 116.16 0.25 54.0% 7.89 99% 423.90

Gm05 41.93 138 103.10 0.74 68.0% 8.74 98% 406.69

Gm06 50.72 379 82.14 0.21 58.0% 3.29 100% 617.48

Gm07 44.68 137 104.48 0.76 77.0% 6.28 99% 427.64

Gm08 46.99 278 132.34 0.47 69.0% 7.73 99% 355.07

Gm09 46.84 222 132.88 0.59 68.0% 7.00 98% 352.50

Gm10 50.96 277 116.80 0.42 61.0% 8.08 99% 436.30

Gm11 39.17 62 134.05 2.16 85.0% 9.12 90% 292.20

Gm12 40.11 139 124.22 0.89 74.0% 7.33 98% 322.89

Gm13 44.40 295 123.83 0.41 65.0% 7.38 99% 358.56

Gm14 49.71 348 102.40 0.29 59.0% 5.90 99% 485.45

Gm15 50.93 414 112.84 0.27 57.0% 13.06 99% 451.35

Gm16 37.39 310 91.18 0.29 60.0% 6.71 99% 410.07

Gm17 41.90 407 116.60 0.28 60.0% 9.26 99% 359.35

Gm18 62.30 647 74.90 0.11 53.0% 8.61 99% 831.78

Gm19 50.58 150 110.08 0.73 66.0% 8.04 98% 459.48

Gm20 46.77 138 116.53 0.84 76.0% 10.33 97% 401.36

Maximum 62.30 647 134.05 2.16 85.0% 13.06 100% 464.75

Minimum 37.39 62 74.90 0.11 53.0% 3.29 90% 499.20

Total 949.96 5,785 2,255.18 0.43 64.5% / / 421.23
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ranged from 8.67% to 35.29 % with an average of 19.62%,
and the LOD values ranged from 2.86 to 18.89, with an
average of 9.11. A previous study reported another major
QTLon Gm05, which also had a significant influence on
individual and total isoflavone contents and could explain
over 30.0% of phenotypic variance of isoflavone content
[7]. These results demonstrate that despite the strong
effect of environmental factors on the accumulation of
isoflavones, there major QTLs or genes for isoflavone
accumulation may exist.
Although the previously reported major QTL on

Gm05 was also identified in our study in E2 environ-
ment (Shunyi, 2009), the phenotypic variance explained
by this QTL was only 7.1%. Additionally, the qIF20-2
has not been detected previously. That might be ex-
plained by the difference in genetic background between
the parents of the two mapping populations. This ex-
planation suggests that RIL population should be devel-
oped as much as possible from distantly related parents
with significantly different genetic backgrounds, and
that multiple mapping populations should be used in
QTL mapping for a given trait.
Since the isoflavone content was influenced by both
genotypic and environmental factors, the 11 consistent
QTLs identified across various environments may bear
important genes for the accumulation and regulation of
isoflavones. In this study, only three genes encoding iso-
flavone biosynthetic enzymes were discovered within the
11 QTLs. Moreover, none of these genes was found
within the novel major loci qIF20-2, which explained a
large amount of phenotypic variance for isoflavone con-
tent. This implies that although the isoflavone biosynthetic
enzymes play an important role in the accumulation of
isoflavones, other unknown genes may also participate in
the regulation of isoflavone accumulation. The discovery
of these genes will help elucidate the mechanism of isofla-
vone accumulation and regulation, and provide new in-
sights for the enhancement of isoflavone content through
genetic engineering or MAS.

Conclusions
Herein we report a high-density genetic map for soybean,
which is constructed based on large-scale markers devel-
oped by specific length amplified fragment sequencing



Figure 5 The collinearity plot of 20 LGs with the soybean reference genome. The x-axis indicates linearity order of linkage map and the y-
axis demonstrates the linearity order of physical position in the soybean reference genome. All 5,785 SLAF markers are plotted as a scatter
diagram. Different colors indicate different chromosomes or LGs.
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(SLAF-seq). Our results suggest that this high-density
genetic map is accurate and efficient for QTL mapping.
By using this map, we identified a novel major QTL
underlying individual and total isoflavone contents across
various environments. The high phenotypic variance ex-
plained by this locus demonstrates the importance of this
locus in soybean isoflavone accumulation. Additionally,
the locus may be an ideal candidate target for MAS in
soybean isoflavone breeding. The genes within this locus
will be studied in detail to identify the genetic architecture
underlying isoflavone accumulation in our subsequent
studies.
Methods
Plant materials and DNA extraction
We utilized a mapping population that included 200
F5:7-8 RILs derived from a cross between soybean cv.
Luheidou2 (distributed in the Huang-Huai-Hai valley
region of China) and cv. Nanhuizao (distributed in the
south region of China). Both Luheidou2 and Nanhuizao
are cultivar soybeans with black seed coats. However,
the seed isoflavone content differs significantly. Luheidou2
exhibits high isoflavone content while the isoflavone con-
tent of Nanhuizao is relatively low. These 200 RILs and
their parents were planted at two locations in Beijing,
Changping experimental station (N40°10′ and E116°14′)
in 2009, and Shunyi (N40°13′ and E116°34′) experimental
station from 2009 to 2011. The RILs were planted in rows
1.5 m long at 0.5 m intervals. Approximately 15 plants
were planted in each row. Three replicates were con-
ducted with a randomized complete block design.
A core panel of 110 RILs was selected randomly from

the 200 RILs for genotyping and mapping analyses. The
young leaves of each line of the core panel were collected,
and total DNA of each of the parents and the 110 RILs
were extracted using the CTAB method [50].
SLAF library construction and high-throughput sequencing
The procedure used for SLAF library construction and
high-throughput sequencing was performed as described
by Sun et al. with minor modifications [16]. Firstly, a
pilot experiment was performed based on the soybean
reference genome sequences [16]. In this experiment,
the enzymes and sizes of restriction fragments were eval-
uated using training data from the soybean reference
genome sequences. Three criteria were considered: i)
The number of SLAFs must be suitable for QTL mapping.
ii) The SLAFs must be evenly distributed. iii) Repeated
SLAFs must be avoided. To maintain the sequence depth
uniformity of different fragments, a tight length range was
selected (roughly 30-50 bp) and a pilot PCR amplification
was performed to check the reduced representation library
(RRL) features in this target length range. When non-
specific amplified bands appeared on the gel, the pre-
design step was repeated to produce a new scheme. The
pilot experiment was to ensure that the SLAFs were
evenly distributed across the soybean genome but that
they did not appear in the repeated regions of the soybean
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genome. Based on the results of pilot experiment, the
SLAF library was constructed as follows: genomic
DNA of the 110 RIL was incubated at 37°C with MseI
[New England Biolabs, (NEB), Ipswich, MA, USA], T4
DNA ligase (NEB), ATP (NEB), and MseI adapter.
Restriction-ligation reactions were heat-inactivated at
65°C and then digested with the additional restriction
enzyme EcoRI at 37°C. The PCR reaction was performed
using diluted restriction-ligation samples, dNTP, Taq DNA
Table 3 ANOVA of individual and total isoflavone contents fo

Trait Mean ± SD
(μg · g−1)

Sources of variation

Genotype

Mean square F

Daidzin 224.91 ± 86.20 10256.93 8.23

Glycitin 64.53 ± 18.66 706.77 7.06

Genistin 321.02 ± 153.06 17441.38 4.78

Malonyldaidzin 1262.69 ± 288.63 221868.23 10.7

Malonylglycitin 153.64 ± 51.85 4060.10 1.89

Malonylgenistin 1450.70 ± 389.79 185623.87 5.81

Total isoflavones 3500.32 ± 869.90 1157236.90 8.17
polymerase (NEB) and MseI primer containing barcode1.
The PCR products were purified using an E.Z.N.A.® Cycle
Pure Kit (Omega) and then pooled. The pooled samples
were incubated with MseI, T4-DNAligase, ATP and Solexa
adapter at 37°C and then purified using a Quick Spin col-
umn (Qiagen, Hilden, Germany). The purified products
were run on a 2% agarose gel. Fragments that were
500-550 bp (with indices and adaptors) in size were isolated
using a Gel Extraction Kit (Qiagen, Hilden, Germany). The
r 110 RILs over four environments

Environment

P value Mean square F P value

< 0.0001 578864.76 464.53 < 0.0001

<0.0001 14337.06 143.22 < 0.0001

<0.0001 2396631.36 656.37 < 0.0001

4 <0.0001 1876993.38 90.84 < 0.0001

<0.0001 12171.21 5.68 < 0.0001

<0.0001 12008730.73 376.14 < 0.0001

<0.0001 53251596.80 376.00 < 0.0001



Table 4 The characters of 11 QTLs associated with individual and total isoflavone contents across various
environments

Name1 Effect2 Chr3 Interval4 IC5 LOD6 PVE7 ADD8

qD4 D-E3,E4 4 M634469-M625652 14.67-18.75 6.98 16.00 23.40

qIF7 G-E2,E3;MD-E2,E3;MG-E2,E3;TOT-E2,E3 7 M519691-M491368 33.21-38.13 8.17 14.30 137.00

qMGL7 MGL-E2,E3 7 M523495-M518225 3.62-4.24 4.59 13.30 −23.00

qGL8-2 GL-E2,E4 8 M1060220-M1053451 130.48-132.34 12.40 28.00 8.98

qIF8 MG-E1,E4;TOT-E4 8 M1045556-M1053803 101.44-101.76 5.73 16.90 144.00

qIF13 D-E2,E3,E4;G-E3; MG-E3; MD-E4 13 M153314-M163112 45.77-51.16 4.91 12.50 −44.00

qMGL14 MGL-E1,E3 14 M542764-M545951 6.83-10.60 4.00 8.61 9.96

qMG14 MG-E1,E3 14 M575406-M531913 0.00-2.57 3.50 9.54 83.10

qIF16-1 D-E2,E3;TOT-E2 16 M889900-M897989 20.85-21.19 3.96 8.56 −49.00

qIF16-2 MD-E1,E3,E4;D-E4 16 M895322-M899870 59.53-63.53 5.12 15.10 −79.00

qIF20-2 D-E1,E2,E3,E4;G-E2,E3,E4;MD-E1,E2,E3,E4;MG-E2,E3;TOT-E1,E2,E3 20 M943408-M941848 3.83-8.43 9.11 19.62 117.00
1The name of QTL, is a composite of the influenced trait: genistin (G), daidzin (D), glycitin (GL), malonyldaidzin (MD), malonylgenistin (MG), malonylglycitin (MGL)
and total isoflavones (TOT) followed by the chromosome number. For QTLs underlying the contents of multiple isoflavone components, the name is a composite
of isoflavones (IF) followed by the chromosome number.
2The Effect of QTL is composite of the particular isoflavone component followed by the specific environments. It represents the particular isoflavone components
[i. e., genistin (G), daidzin (D), glycitin (GL), malonyldaidzin (MD), malonylgenistin (MG), malonylglycitin (MGL)] and total isoflavones (TOT) that are controlled by
this QTL in specific environments [i. e., E1 (2009 at Changping), E2 (2009 at Shunyi), E3 (2010 at Shunyi), and E4 (2011 at Shunyi)].
3Chr indicates chromosome.
4Interval indicates confidence interval between two SLAF markers.
5IC indicates the interval of confidence in centimorgan.
6LOD indicates the logarithm of odds score.
7PVE indicates the phenotypic variance explained by individual QTL.
8ADD indicates the additive effect value.
The LOD scores, PVE values, and additive effect values are shown as mean values for QTLs with multiple effects.
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fragment products were subjected to PCR reaction with
Phusion Master Mix (NEB) and Solexa amplification
primer mix to add barcode2. The products that were
500-550 bp in size were gel-purified and diluted for
pair-end sequencing. The pair-end sequencing was per-
formed using an Illumina high-throughput sequencing
platform (Illumina, Inc; San Diego, CA, U.S.).

SLAF-seq data grouping and genotyping
The SLAF-seq data grouping and genotyping were per-
formed as described in detail by Sun et al. [16]. All SLAF
pair-end reads with clear index information were clustered
based on sequence similarity. To reduce computational in-
tensity, identical reads were merged together, and sequence
similarity was detected using one-to-one alignment by
BLAT [51] (-tileSize = 10 -stepSize = 5). Sequences with
over 90% identity were grouped to one SLAF locus. Alleles
were defined in each SLAF using the minor allele frequency
(MAF) evaluation. Since soybean is a diploid species and
one locus can only contain at most four SLAF tags, groups
containing more than four tags were filtered out as repeti-
tive SLAFs. SLAFs with sequence depth less than 213 were
defined as low-depth SLAFs and were filtered out in the
following analysis. Only groups with suitable depth and
fewer than 4 seed tags were identified as high-quality
SLAFs. SLAFs with 2-4 tags were identified as polymorphic
SLAFs. The average sequence depths of SLAF markers
were greater than 10-fold in parents and greater than 3-fold
in progeny.

High-density genetic map construction
After genotyping of the 110 RILs, 2-point linkage ana-
lysis was performed for efficient SLAFs. A high-density
genetic map including 20 LGs was constructed using the
Kosambi mapping function of the Joinmap v4.0 software
[52]. The LOD threshold was set as default (3.0). The
collinearity of LGs with the soybean reference genome
was analyzed through aligning the sequence of each SLAF
marker with genome sequences of Williams 82 using the
BLASTN program from the National Center for Biotech-
nology Information (NCBI) [53].

Isoflavone extraction and determination
The extraction and determination of isoflavones were
performed according to the protocol described by Sun
et al. [54]. First, approximately 20 g of mature seeds
from each of the 110 RIL plants and their two parents
were ground to a fine powder using a cyclone mill
(Retsch ZM100, Rheinische, Germany). One hundred
milligrams of this powder was added to a 10 ml glass
tube preloaded with 5 ml of extract solution containing
0.1% (v/v) acetic acid and 70% (v/v) ethanol. The mixture
was shaken for 24 h on a twist mixer (TM-300, ASONE,
Japan). After centrifugation at 5,000 rpm for 10 min, the



0

1

2

3

4

5

6

7

8

9

10

0 3 6 9 12 15 18 21 24 27 30 33 36 39 42 45 48 51

L
O

D
  S

co
re

s

Position on Gm

Figure 7 LOD curves on Gm20 for daidzin among four environments.
position on Gm20. Different colours represent different environments (E1-E
blue curve represents LOD curve in E2 (i.e. Shunyi in 2009), green curve ind
represents the LOD curve in E4 (i.e. Shunyi in 2011). The dashed line indica

Table 5 Additive effect of qIF20-2 for individual and total
isoflavone contents across various environments

Name1 Effect2 Interval3 IC4 LOD5 PVE6 ADD7

qIF20-2 D-E1 M934616-M970087 5.92-6.63 4.33 15.16 22.27

D-E2 M947267-M941848 7.63-8.43 6.14 15.60 24.72

D-E3 M934616-M970087 5.92-6.63 9.47 21.13 34.72

D-E4 M934616-M970087 5.92-6.63 6.51 15.38 14.25

G-E2 M947267-M941848 7.63-8.43 9.63 21.96 31.59

G-E3 M934616-M970087 5.92-6.63 11.08 24.19 63.09

G-E4 M947267-M941848 7.63-8.43 5.00 12.28 24.91

MD-E1 M943408-M968883 3.83-4.64 4.93 17.89 104.92

MD-E2 M934616-M970087 5.92-6.63 9.36 23.35 152.44

MD-E3 M934616-M970087 5.92-6.63 9.08 20.13 125.71

MD-E4 M934616-M970087 5.92-6.63 4.52 12.55 75.15

MG-E2 M934616-M970087 5.92-6.63 18.00 27.89 129.48

MG-E3 M968883-M934616 4.64-5.92 9.64 23.41 156.97

TOT-E1 M934616-M970087 5.92-6.63 2.86 8.67 151.54

TOT-E2 M934616-M970087 5.92-6.63 16.25 19.04 280.27

TOT-E3 M968883-M934616 4.64-5.92 18.89 35.29 472.78
1The name of QTL, is a composite of the influenced trait: genistin (G), daidzin
(D), glycitin (GL), malonyldaidzin (MD), malonylgenistin (MG), malonylgenistin
(MGL) and total isoflavones (TOT) followed by the chromosome number. For
QTLs underlying the contents of multiple isoflavone components, the name is
a composite of isoflavones (IF) followed by the chromosome number.
2The Effect of QTL is composite of the particular isoflavone component
followed by the specific environments. It represents the particular isoflavone
components [i. e., genistin (G), daidzin (D), glycitin (GL), malonyldaidzin (MD),
malonylgenistin (MG), malonylglycitin (MGL)] and total isoflavones (TOT) that
are controlled by this QTL in specific environments [i. e., E1 (2009 Changping),
E2 (2009 Shunyi), E3 (2010 Shunyi), and E4 (2011 Shunyi)].
3Interval indicates confidence intervals between two SLAF markers.
4IC indicates the interval of confidence in centimorgan.
5LOD indicates the logarithm of odds score.
6PVE indicates the phenotypic variance explained by individual QTL.
7ADD indicates the additive effect value.
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supernatant was filtered using the YMC Duo-filter (YMC
Co., Kyoto Japan) with 0.2 μm pores. The resultant sample
was stored at 4°C before use. The determination of iso-
flavones was performed with the High Performance
Liquid Chromatography (HPLC) system (Agilent 1100,
YMC-Pack, ODS-AM-303, 250 mm × 4.6 mm I.D., S-5
UM, 120 Å) using a 70-min linear gradient of 13% - 30%
acetonitrile (v/v) in aqueous solution containing 0.1%
acetic acid. The solvent flow rate was 1.0 ml min−1 and
the UV absorption was measured at 260 nm. Column
temperature was set at 35 °C and the injection volume
was 10 μl. Identification and quantification of each isofla-
vone component was based on the standards of 12 isofla-
vone components provided by Dr. Akio Kikuchi (National
Agricultural Research Center for Tohoku Region, Japan).
The 12 isoflavone standards consisted of daidzein, glycitin,
genistein, malonyldaidzin, malonylglycitin, malonylgenis-
tin, acetyldaidzin, acetylglycitin, acetylgenistin, daidzein,
glycitein and genistein. In this study, six major isoflavone
components including daidzin, glycitin, genistin, malo-
nyldaidzin, malonylglycitin, and malonylgenistin were
detected in soybean seeds. The precise contents of
these six isoflavone components were calculated with
the formula described in detail by Sun et al. [54]. Other
components were not quantified due to the very low con-
centrations. The total isoflavone content was designated
as the sum of these six major isoflavone components.

QTL analysis using high-density genetic map
The QTLs underlying the isoflavone content were iden-
tified using the ICIMapping v3.3 software [55]. Additive
QTLs underlying the isoflavone content were identified by
using the inclusive composite interval mapping (ICIM)
method in the same software. The threshold of LOD
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scores for evaluating the statistical significance of QTL ef-
fects was determined using 1,000 permutations. Based on
these permutations, a LOD score of 2.5 was used as a
minimum to declare the presence of a QTL in a particular
genomic region. The genes within QTLs were annotated
and analyzed via the database of Phytozome v9.1 [56] and
NCBI [53].

Additional file

Additional file 1: Figure S1. Heat map showing a matrix of pair-wise
recombination values for SLAF markers along Gm20. The colors represent
the strength of linkage in recombination values between all pairs of
markers. The grey color indicates the lowest recombination scores, which
suggest a strong linkage between markers. The red color represents the
highest recombination scores, which suggest no linkage between
markers. The yellow color represents middle recombination scores and
some amount of linkage between markers. Figure S2. The collinearity
map of Gm20. The yellow bar indicates the linkage group Gm20, while
the blue bar indicates the corresponding chromosome of the soybean
reference genome. The SLAF markers plus their location in centimorgan
(cM) and kilo base pairs (Kb) with respect to the first marker in the LG are
indicated on each side. Figure S3. Frequency distributions of six isofla-
vone components for the 110 RILs planted at Changping experimental
station in 2009. Figure S4. Details of SLAF markers for 11 QTLs under-
lying individual and total isoflavone contents across various
environments. The SLAF markers for these QTLs were indicated on the
right side of LGs, while the genetic distance between adjacent SLAF
markers were shown on the left side. Table S1. The correlation analysis of
total isoflavone contents among four environments. Table S2. The characters
of 41 QTLs associated with isoflavone content.
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